
RLE COPY 

NO l-W 



c 



Copy 



TECMXCAL lia.0RANDU!;i3 
NATI0I:A1 a~'^^I30RY CO-.,I}.aTTIE FOR AERONAUTICS 



No- 409 



KINETOGRAPKIC DETSRI'INATTON 0? AIRPLANE FLIGHT CHARACTERISTICS 

Ha e til "i en 



From "Zeitsohrift fur Flufftechnik und J'-otorluf tschif falirt" 

December '14 and 28, 1826 



PiLb COPY 

fooe 

the files ( '(ii 
Advisory UiinmiUM 



Vn'asiiington 
April, 1-937 



NATIONAL ADVISORY COMITTEi; FOR AERONAUTICS, 



TSCHIUOAL MEMORilFDmi NO. 409. 



KINETCGRAPHIC DSTEmill^ATION OF AIRPLANE FLIGHT CHARACTERISTICS.* 
I. Kinetograpliic Flight Measurements.' 
By ?• Raethjen. 

'In the "Zeitscbrift fur Flugtectmik und Motorluf tschif lahrt , " 
•for Jvne 37, 1925, pages 235-240, I described a method by v/hich 
the flight characteristics (horiir.ontal speed and attendant sink- 
ing speed) of the Darrastadt glider "Konsul" were determined from 
measurements of a gliding flight in still air. The evaluation 
of the flight characteristics of the Konsul vjblb rendered very 
difficult by the fa.ct that the measurements made with a theodo- 
lite a.nd telemeter, according to a method introduced by H. 
Koschnieder, did not yield more than four points a minute; and 
especially by the fact that the time and distance coordinates 
of these points were very inaccurate. I was therefore obliged 
to introduce a correction factor and to alter the flight charac- 
teristics diagram until, by integration, it yielded the time- 
and-space flight path found by measurement. Nevertheless this 
first experiment dem.onstrat ed tlia.t an accurate flight-path m„eas- 
urement would enable the determination of the polar diagram from 
a gliding flight. Since then I have accordingly endeavored to 

obtain accurate flig:ht_ meas urements by means of a kinetograph 

*Flu^eigrenschaf tsbestimmunj^ durch kinematographische Flug^/ermes- 
sung." From "Zeitschrift fur Flugtecnnik und Motorluf tschiff ahrt, " 
December 14 and 28, 1926. 
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(:not ion-picture camera). 

This method was first employed a.t the 1926 Rhon soaring- 
flicrht contest. The result of the rneasureinent of a gliding 
flight oy the "Roernryke Berge" will he given by Mr. Knott as a 
part of this article. I will only mention here that the ohject 
in perforraing this experiment was to obtain a polar diagram of 
the air forces by a method similar to the one em^ploycd in 1924 
for determining the flight chaxc.cten sties of the Konsul. 
.Since the accelerations developed in this flight were only 
slight, I assumed that the air'-forcu coefficients of unacceler- 
ated flight were applicable. The evaluation by Mr. Knott, how- 
ever, shov/s deviations which contain obvious indications of 
the effect -of acceleration. The result is therefore not a real- 
polar diagram, but only an estimate of the effect of accelera-- 
tion. Though the result is to be regarded for the present, 
only as an indication, it is nevertheless very valuable, be- 
cause the effect of the accelerations is the real object of 
the kinetographic measurements. (See Appendix for further de- 
tails. ) Even if this indication' should prove to be an error 
caused by atmospheric disturba,nces, the accompanying report by 
Mr. Knott continues to be of interest, as the first step in 
kinetographic flight measurement. I will first describe the" 
apparatus and- the experimental method. 
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1. Experiuieiital Task and General Method 

The object of the experir::ent is the determination of the 
path followed hy the center of gravity of the airplane with 
reference to time and space. The task is therefore to deter- 
r.ine the time and distance cccrdinates of points as near to- 
gether as possible In the .-oath of the airplane. As already 
mentioned^ these points had been rxeviously determined by 
n^eans of a theodolite 3«nd telemeter by a iTiethod introduced by 
H. Koscfeiiieder . The principal disadva/ntages of this method 
were the inaccuracy e.nd infrequency (only 3-4 per minute) of 
the measured points- It wa.s especially unsatisfactory that 
the sighting and reading, the dictation arid recording afforded 
m.any chances for errors- Hence the new kinetographic method 
was beused on frequent points of m.easurement (as many as 20 
per second) and on an entirely objective measuring method. 
For this purpose the airpla/ne, the spatial coordinates and a 
clock pointer were simultaneously photographed. 

The measurements" v:ere made from two fixed bases on the 
" Weltenseglerhang, " 200 m (656 ft.) apart, covering flights 
from the "Ku-ope" toward the ''Zuckerf eld" or '^Sube." The direc- 
tion of photographing v/as nearly horizontal, xvhich was of con- 
siderable a^dvantage for determining the flight altitude. The 
fixed bases (Fig. l) were fitted out as follows. At the basic 
point itself there is an Srtel kinetograph stand with a top 
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which can be rotated both horizontally and vertically by means 
of two cran>s K. The j-instos-raph is nounted on this stand 
and is constantly directed to\vard the airplane by keeping the 
latter in the field of the telescopic finder V. If the orien- 
tation of the camera at tne instant of exposure is known, the 
picture of the airplane can be photogranmictiically evaluated. 
The orientation of the camera was therefore fixed on the nega- 
tive by the simultaneous photography of stationary reference 
tables (Fig. 2) together with the airplane. The pointer of a 
clock was also photographed simultaneously, by means of a device 
¥;hich will be described later. 

Three of the reference tables were placed behind each kine- 
tograph at a distance of about 3 meters (6.56 feet), as shown 
in Fig. 1. They were placed behind the camera, so as not to 
interfere with the field of vision in front. They were there- 
fore photographed fiom the, direction opposite to the airplane, 
the result being shown on the section of film in Fig. 3. The 
reference tables consisted essentially of U-iron frames about 
1.5 ffi (4.93 ft.) sq-oare. Each table was divided into squares 
by taut iron v/ires, which were drawn through holes bored with 
a drilling- .jig, in the frame at intervals of exactly 5 cm . 
(1.97 in.) between centers. Behind this trellis there was 
placed a frame covered '.yith white airplane fabric, on which 
the individual squares rrere distinguished by numbers. The .nuiu- 
bers were written backward, b'ecauso they appear in the evalua- 
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tdon as'-nirror pictures. In order to avoid confusion bet^^een 
the ivires and thair shadowo, the for'ier yjere interrupted by 
r/hite paint, so that they appear on the photograph as discon- 
nected crosses. The tables were adjusted ^;;n.th the aid of a 
plumb line, so that the vertical vrires were exactly plumb. 
The horizontal wires should then liave been exactly horizontal, 
but slight deviations were found, which are attributable part- 
ly to distortions during transxDortation and partly to inaccura- 
cies in drilling the frames. 

The vortical v-ires are the reference lines for the horizon- 
tal oscillation of the camera and the horizontal wires are the 
reference lines for its vei^tical oscillation; The vertica^l 
T/ires are therefore the ground-plan coordinates for the raeas- 
urements and the horizontal wires are the altitude coordinates. 

2. The Kinetograph 

This consists in part of an ordinary lcinetop:raph, as used 
by motion-picture producers. It v^as also constructed in part 
at the Frankfort a. M. Institute for Scientific Photography 
and 'in part at the Research Institute of the Rhon-Rossitten 
Association on the Wasserlcuppe . 

The task of taking two pictures from opposite directions 
on the sauie film was accoraplished by mee.ns of total-reflection 
•?oris:'ns (Fig. 7). Illustrative diagrams are given in the appen- 
dix to my lecture '^Accelerated Ai?T/i'^ne Motions,'* delivered at 
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the 1925 Rhon soar ing-f light contest and already sent to the 
"Z.F*M." for publication. You are here referred to this atjpen- 
dix.* The technical task was rendered mere dif f Icul t' b^^ the 
fact that neither time nor moans were ava.iiable for building an 
entirely new measuring kinctograph. Hence an ord:lnary motion- 
picture camera vva^s used and the specia-l devices were added to 
it. The camera accordingly consists of two partS'- 1st, the 
real measuring camera (Fig. 4) which carries bobh reflecting 
prisms and the revolving shutter; 2d, the film-driving m.echan- 
ism (Figs. 5-6), which consists largely .of the normal apparatus 
with the addition of the device for photographing the clock 
(Fig. lO) . The two parts must be separated to introduce the 
film, but can always be fastened together • ag&.. in by the four 
wing nuts* 

The principal difficulty in arranging the reflecting prisms 
lay in the circumstance that the individual image fields B^^ 
and Bry were sm.aller than the lens apertures (Fig. 7). Hence 
the whole aperture could not be used on the boundary between 
the two fields. In order to eliminate this fault as much as 
possible, the optical axes A^^' and were so ijlaced that 

they did not fall in the middle but on the edge of the image 
fields. Since even then the images mutually overlapped one an- 
other, long tubes were placed in front of both object lenses 

♦The abovement joned lectu.ia was published in the -'ZcFoH.'' for 
Dec. 39, 1926^ and the translation of said appendix is included 
in the present Technical Memorandum* 
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and a pa.rtition was put between the image fields 3^ and Bg , 
though this partition hcxd to leave a free space for the revolv- 
ing shutter in front of the prism. The partition S naturally- 
covered a strip of the film. Hence the photograph of the clock 
face was projected from the bade side on this strip B3 (Figs.. 
3 and 7) which, moreover, runs around the image field (Fig. 
3). The crosses and F^ (Fig. 3) v/ould have to be located 

exactly on the optical axes and A J or a,t least at the 

corresponding dista.nce from one another, if the pivot of the 
camera (stationary top) were on the optical axis A^. Unfortu-. 
nately, we- lia.d to dispense with such a Cardanic suspension and 
use a sim.ple Ertel tripod. With this support, the vertical axis 
of rotation of the stationary top passes through the optical 
axis A 2^ but not the horizonte.l axis of rotation, which lies 
G cm (2.36 in.) below the optical axis A^ . The diagram of the 
optical axes passing in opposite directions through the pivot 
can therefore, strictly speaking, be utilized only for the hor- 
izontal rotation of the camera, but not for the vertica-1. The 
lateral rotation is made about, a point on the optical a.xis A^^ 
but, in changing the vertical direction, the optical axis moves 
as a tangent about a circle K (Fig. s). This motion produces 
an error A^h in the vertical coordinates h on the reference 
table, which is a fun.ction of h, of the distance a and of 
the radius r (6 cm = 2 .36 in. ) of the circle of rotation. 
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The following fomulas (Fig. 8) apply here. 



r + Aih - — 

cos qp 

h + A,h h ^ ■ . X n 

tan cp = i— rrii ^ hence approximately 

a a 



(1) 



hence 



or approximately 



A,h= r(y 1 + ^- l) 



Aih = f 4 (3) 

<^ a 



This error A^h can be partially offset "by locating the 
cross wires of the image B3 a. little to one side of the op- 
tical axis A^^ (Fig. 7), so that the two axes and F^ 
of the reticles (in contradistinction to the optical axes) do 
not lie parallel, but make a small angle A with one another 
(Fig. 9). In this case we have 

Aah = - a A tan 9 = ~ a (l + tan^ ^) A9 (4) 
A^h = - a fl + A9 (5) 



a 

The task is now to give A«P such a value that the total 
correction A^h + A^h shall be as small as possible within the 
values for r 6 cm (2.36 inO and a = 200 cm (78.7 

in.)- Thereby the constant aA9 may be eliminated at firsts 
because it denotes only a shifting of the zero r)oint on the 
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reference table. This constant shifting of the zero point is 
eliminated in the adjustment of the table- The variable error 

c 

^ Acp^ (6) 

a v.i^a / 

shall also be olimina.ted as far as possible- Preferably, 

Acp =^ ^ = 0-015 is chosen. 

Throug^h an error ~ 0.020 wcs obtained for both meas- 
uring kinetographs . 

This causes an error- 4r =^ - 0.005 which remains 

h a 

for incline^t ions — < ^ below the accuracj^ of the film reading. 

a 4 

For frreater inclinations, it can be easily introduced mathemat- 
ically (though under consideration of the terms of higher order). 

According to these considerations, we can therefore oper- 
ate with the two reticles and F2 (Fig. 3) as though their 
respective, axes were strictly parallel and as if the pivot of 
the stationary top were exactly on the reticle axis Fg . A 
slight correction would be necessary under certain conditions, 
only for inclinations exceeding 1 : 4, hence for altitude 
coordinates h exceeding 50 ci;i (l9.7 in.)* 

In order to avoid changes in the mutual adjustment of the 
lenses and the reflecting prisms, the base plate, which supports 
them, was made exceptionally strong. The lens on- the side to- 
ward the table was a Zeiss-Tessar with an aperture of 1 ^ 3.5 
and a focal length of 10 cm (3.94 in.). On the airplane side, 
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a Xenar lens made by Joseph Schneider, with an a-oertuxe of 
1 : 3.5 and a focal length of 30 cm (11.8 in.), was used. 

The great focal length was chosen in order to enable the 
measurement of the coordinates of the airplane image for the 
s ingle- Stat ion method and for the determination of the angular 
position of the airplane, the angle of orientation for the air- 
plane axes. On the table side, it v/as better for the focal 
length not to be too long, so as not to ha,ve to make the table 
divisions so small. 

The most difficult task in making the measuring kinetograph 
was the invention of a device for the simultaneous photography . 
of the clock. Since there was no room in the camera in front 
of the film, the clock had to be projected on the back side of 
the film (Fig. 7). In this connection a device, which had al- 
ready been used in ordinary kinetographs, was found very conven- 
ient. It carries a tube R (Fig. 6), in which there is ordi- 
narily a telescope for observing the object while taking the 
pictures. The third lens was mounted in this tube and at its 
upper end a second shutter was introduced which vja>s coupled 
with the first and exposed the clock only at the instants when ' 
the exposures were made for the airplane and the coordinate 
tables- Above this shutter is the clock face which is photo- 
graphed, with the pointer, on a diapositive film by tra^nsmitted 
daylight. In order that no disturbance can be created by the 
sun, an adjustable mirror S (Fig. l) is so placed tha.t the 
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sun cannot shine in during the whole operation. 

The double pointer S (Fig. 10), over the U-shaped dial^ 
is so operated by an -electric synchronous motor, that it ordi- 
narily makes half a revolution per second and therefore makes 
one-second periods. The pointer shaft itself drives, by means 
of a gear, a seconds recording disk S (Fig. lO), which has 
36 division marks on its periphery. After one pointer revolu- 
tion, these marks change, in rosation, the place P at which 
they are photographed. Hence tr.ey a^Atomat ically record the 
seconds of the pointer Z. The synchronous motors are driven 
by a three-phase alternating current supplied from a central 
station consisting of a constant- speed motor driving a rotary, 
reversing switch. This rotary switch Interrupts and reverses 
the polarity of a 60 volt direct- current circuit and thereby 
furnishes a nonsinusoidal alternating current for the synchro- 
nous motors. This current-reversing motor runs synchronously 
with the two three-pha,se motors at both measuring places and 
is, so to siDeak, the central clock for both. 

Fig. 11 shows this central clock with its storage batter- 
ies, and Fig. 12 shows the inside mechanism of the clock. It 
is so arranged that it can be enclosed in a protecting case. 
The current-reversing m.otor M drives, through a worm gear, a 
recording drum R. Marks were made on the soot-coated drum at 
uniform time intervals (every l/ 5 and every 3 seconds) with a 
stylus S (Fig. 12) actua.ted by an electromagnet and controlled 
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by a clock U. On its front side, this clock has the plugs 
and switches for the different wires, a three-wire cable for 
each measuring place, with two direct-current voltages of 60 
and 6 for field magnets, armature and recording mechanism. ' 

The time-mark record enables the control of the revolution 
speed of the current-reversing motor and consequently of the 
revolution speed of the clock pointers at the measuring stations. 
The recording drum has a total rannir.g time of 7 minutes and 
enables the evaluation of the rt volution speed of the motor ev- 
ery 1/5 second. The contact clock U is an ordinary alarm 
clock, which carries a contact point on the balance wheel and 
on the balance lever and makes contacts at every oscillation 
period (every 1/5 sec) and at every period of the balance 
wheel (every 3 sec). The balance wheel of a,n ordinary alarm 
clock does not oscillate in every period to within 0.01 sec. 
and consequently this clock is not really accurate enough for 
kinetographic measurements. It. is to be replaced later by a 
good pendulum clock. This was not i^ossible at the time, as the 
clock had to be set up out of doors for every experimxent. 



the ground plan of the flight path is first dra.wn on a scale 
of 1 ' 500. This is generally done as follows ^ The sighting 
lines from the two base points are draTO in the ground plan and 



3. 



Evaluation of the Ex-oeriments 




plan .- For the evaluation. 
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their intersection point is the ground-plan position of the 
airplane (Fig. 13). The ground plan must first show accurately 
the two base points and the reference tables in their relative 
positions. For this purpose the distances between them must 
be accurately measured. This is done by a combined measurement 
with a theodoiice end a kinetograph in the follov:ing manner. 

First the two real base points are plotted as the oscilla- 
tion centers of the cameras at their measured horizontal dis- 
tance from each other. Then at each base the location of the 
reference tables is plotted with reference" to the oscillation 
center by measuring the distances a from the first and last 
vertical line of each table to the oscillation center B (Fig. 
14). Since the distance b between the two wires is 1.4 m 
(55 in.), the triangle including the oscillation center and the 
table is determined by its three sides. The distances c be- 
tween the outer wires of adjacent tables are likewise measured 
and determine the relative position of the three triangles a b 
to one another. 

Each base is thus plotted by itself and it only remains 
to locate them exactly with reference to each other. This must 
be done with the measuring kinetograph^ in order to avoid possi- 
ble constant errors of angle in the kinetograph itself. Some 
central landriiark is then selected and photographed from each 
base with the corresponding kinetograph^ the same as in a 
flight test. A definite ground-plan coordinate of the central 
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landmark is thus obtained at each base between the vertical 
v/ires on .the reference tables. This ground-plan coordinate is 
plotted as point A in Fig. 14. ' The same central landmark is 
also measured with the theodolite by the well-known "two-station 
method" from both bases and plotted in the 1 : 500 ground plan. 
Then the reference tables are plotted as shown in Fig. 14, so 
that the point B coincides with thy base point and the line 
AB passes through the central lancl>r.xrk. Thereby the base lines 
of the reference tables are preferably plotted on a larger scale 
(e.g., 1 : 2 has been found satisfactory) and then reflected 
into the measuring field in front, in order to save room on the 
drawing board. 

For the determination of .the flight-path points in the 
ground plan, it is first necessary to obtain simultaneous values 
of the coordinates. Since the clock pointers move synchronous- 
ly, this is rendered possible by the clock photograph. The 
ground-plan coordinates of- a series of film pictures are first 
taken from one measuring place, e.g., once a second, or every 
16th picture," thereby correcting the deviation of the airplane 
• from the cross wires in the photograph of the table. Thus the 
oblique cross F^ of the small image field is corrected 

corresponding to the deviation of the center of gravity of the 
airplane from the cross F^ (Fig. 3) of the larger image field. 
The ground-plan coordinates thus obtained are tabulated with 
the corres-oonding clock-time readings. From the other measuring 



N^A.C.A. Teohnical Meinorandum Ko* 409 15 

place there are generally no photographs which coincide exactly 
in" time vith the ones in the table* Kence, for every picture in 
the table fron one measuring place^ two pictures from the other 
measuring r)lace must be utilized, one of which ms taken short- 
ly before and the -other shortly after the. one from the first 
measuring ^lace. Between these two, the ground-plan coordi- 
nates will be interpolated in direct dependence on the time 
values. Since the successive exposures are only I/I6 second 
.apart, linear interpolation is possible within the accuracy of 
the time measurements. Through this interpolation, we there- 
fore obtain the ground-plan coordinates of the second measuring 
r)lace, which belong to the ta,ble of the first measuring place. 
Each of the two coordinates is plotted from the respective 
measuring place, as a straight line from the base B to the 
corresponding coordinate point of the reference table, and the 
intersection point of these lines is a point in the flight 
path. 

If, for any reason^ one of the two measuring places is miss- 
ing, or if the clock fails, the determination of the flight path 
is nevertheless possible in the " single- station method." This 
single-station n-ethod deduces the distance between the airplane 
and the camera, from, the magnitude coordinates of the airplane 
pictures, the dimensions of the airplane itself and the focal 
length of the lens. Under present conditions the calculation of 
this distance is very simple, because the geometric problem is 
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almost two-dimensional 5 since the optical axis (sighting line) 
lies nearly in the plane of the airplane (luselage-wing plane) . 

The general three-dimensional problem reads: "The lengths 
c and d of two vectors (fuselage c and wing d), which are per- 
pendicular to each other ^ are given- The cartesian components 
Ci, C2,.di, ds of these vectors, which lie in a plane perpen- 
dicular to the optical axis, are phoco graphed-" The first equa- 
tions therefore express the reJ.^^tioas between the components 
and the lengths of the vectors 

Ci^ + 02^ + C3^ = c^] 

\ (8) 
di^ + ds^ + d3^ = d^j 

Thereto is added the perpendicularity condition between the vec- 
tors c and d ' 

Ci di + C2 dg 4- C3 ds = 0 (9) 

Lastly, the relation between the natural-size components 
and the image components, which latter will here be designated 
a.s "image angles." These are obtained by dividing the coordi- 
nate lengths of the film image by the .focal length b- The 
axes of the cross F^^. can be used advantageously as the C3.rte- 
sian system of the film image (Fig.. 3). These coordinates are 
therefore 

b 63^, b- 62 and b 7i, b ^2 5 
in v^hich b denotes the focal length and 7, 6 the "image 
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angles." We then have for the distance a of the airplane^ 

Ci = a 7i, 02 = a 73 ^ (lO) 
di' = a 5i, cl5 = a 63 (ll) 

Since the image coordinates 7 and- 6 are knoTO in. these 
seven eqimtions (8 and ll), they contain seven unknots. The 
distance of the airr)lane can therefore be determined from these 
equations. The equations (8 - 11 ) na. tu rally also enable the 
deteriTiination of the components c^, C3, C3, d^, , d-s and, 
with the a.-id of the orientation of the ca.rnera, the evaluation 
of the spatial position angles of the airplane axes- 

First equation (9) is squared and equation (8) inserted, in 

it: 

(cx di + 02 da)^ = (c^ - Ci^ - Cs^) (d^ - d^^ - d2^) 
Then equations (lO) and (ll) are introduced: 

a^(7, 6^ + 72 i>^f= {0^ - a^(7,^ + y/)} {<f - aM6,^+ 6^^)} 
a^ {(7, 6, + 73 62)^ - (7x^ + 73^) (5,^ + 62^) } +• 

+ a^ UHd^-^ 63")+ d"(7,% 73")}- c'd" 
or, after removing the coefficient brackets from a* J 

-a-MTi 63 - 7s 6if + a^ ic^(6f + 63" )+ d= (7x" + )}= c^cf 

(12) 
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The coefficient of a"^ apparently disappears,* when the 
optical axis lies in the plane of the vectors c and d. Since 
this is generally almost the case and since the coefficient of 
a* is consequently very small, equation (12) can be solved only 
as a linear equation of a^ - A division by the very small quan-- 
tity (7i 63 - 72 S^ )^ would burden the solution of the quad- 
ratic equation of a^ v;ith great errors. It is therefore, 

^2 2 Si )i3) 

c^( 6^ + 62^ )+ d^ (y ' + Ts" )- a' (7i 02 - 72 61 ) ^ 

It must be borne in inind that the right-hand term in the 
denominator, which contains a^, plays the role of a correc- 
tion term, on account of its small coefficient. Therefore, a 
first approximation a, for the distance a can be determined 
as- 

a= , (14) 

c' (6," H- 62") + d" (7x" + 72') 

This first approximation is suffici-ent when the optical axis 
falls in the plane of the vectors c and d. If this, condition 
is only approximately fulfilled, the second approximation a 
suffices, which is obtained by substituting in equation (l3), 
at the right in the denominator, a for a and by developing 

the ^geometrica l series as far as th e first term- ^ 

*The equation 7 ^ "S^ shows that the fuselage axis and the 

^ 2 ^2 

v/ing spar lie in the same straight line on the picture. 
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a 



.2 



4 



(7i 63 - 6,f 



(15) 



= a . + a 



The distance a is converted into a horizontal distance 
Toy means of the vertical coordinates on the reference table. 
This horizontal distance is then plotted in the ground plan on 
the corresponding sighting line, which passes through the base 
point B and the corresponding coordinate point on the ground- 
pla^n of the reference table. (See K. Knott's ground plan of 
the "Hoemryke Berge" flight.) 

b) Determination of the altitude .- First the zero line 
must be located on every table, i.e., the number which, as a 
coordinate, belongs to an object on a level with the measuring 
place. This zero line was likewise determined by photograph- 
ing the central landmark. As explained in the description of 
the camera. (Fig. 9), it does not lie at the same height as the 
lens, but at 8.n angle of A? below it- As demonstrated 
above, v/e can proceed, notwithstanding the altitude evaluation, 
as though the 8-ngle A 9 were 0. Therefore, the zero line 
on the tables is also determined on. this plan. 

From the photograph of the central landmark H, we obtain 
an altitude coordinate H' on one of the tables. From the 
m easurement of the vertical angle cp toward the central land- 
mark, we obtain a corresponding height h' up to the zero 
line on the table (Fig. 15) with the aid of the horizontal dis- 
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tance a' taken from the ground plan- If we subtract the • 
hei.5;ht hJ from the altitude coordinate of the central 

landmark K., we obtain the zero coordinate N' . This differs 
a little under different lateral coordinates, since the hori- 
zontal wires on the tables ar-:? not strictly horizontal. Still 
the inclination of the zero line to the wires is determined by 
a round measurement with the theodolite from the camera stand. 
In this manner the zero coordirates on the three tables a.re de- 
teriTiined and plotted for all tl.e Ici-Leral coordinates. The de- 
termination of the altitude h of a point in the flight path 
above the measuring place is now a simple calculation in pro- 
portion. It bears the same re-tio to the coordinate height h* 
as the ground- plan distance a of the flight-path point to 
the ground- plan distance a^ of the lateral coordinate. 

4. Focal Lengths and Acouracy of Measurement 

The accuracy of measurement is chiefly determined by the 
focal lengths. Knowledge of the focal lengths is especially 
necessary in the transfer of the coordinates measured in the 
image field of the airplane (deviations of the center of grav- 
ity of the airplane from the cross wires) to the image field 
of the reference table- The transfer is effected by shifting 
the oblique cross (Fig. 3). The "magnitude of this dis- 
placement bears the same ratio to the amount of the deviation 
in the rmage field of the airplane,- as the corresponding dis- 
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ta.nces of the image plane from the r:ain "olane of the lens- 
This distance is the foca-1 length itself for photographs ta.ken 
at an infinite distance. This is 292 mm (ll.5 in.) for the 
airplane photographs in both cerneras. On the other hand, the 
image distances for the table photographs differ f6r the two 
cameras at the 2-meter pof?ition of the lens. For every ca.mera, 
therefore, correctic.os were made for the corresponding displace- 
ment of the oblique cross in the table image field from 
the coordinates in the airplane- image field (Fig* 3). This 
evaluation is made on a projected image magnified a.bout fifteen- 
fold. It wa.s found that an evaluation, of the film to 0-02 mm 
(0.0008 inch) v.^is the utm.ost possible. This accuracy cannot be 
attained, however, in the present arrangem.ent of cam.era a.nd ref- 
erence table. Kence an evaluation to 0.05 mm. (0.002 in.) was 
considered satisfactory, this value just corresponding to the 
thickness of the photogrs,phed T^jires e.nd to the thickness of the 
cross wires- The accurac^r of the evaluation can be considera- 
bl3r* increased by evaluating all the film ima-ges and thus deter- 
m.ining 16-20 flight-path points per second. The accuracy of 
the result is considerably- increased by averaging so- maaiy meas- 
urem^ents. 

In the ground plan the flight-path points ce«n be determined 
by the two-station and also by the single-station method as ap- 
plied at each cam.era, hence as intersection points of two cir-' 
cles and two straight lines in the sam.e point. The tT^;o-sta«tion 
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inethod '-nil ^^enerally 9:iYe the r:;ost accurate result, iDut a sy's- 
tenatic deviation in the application of the single-station meth- 
od v/ould at lea,st show any disturbance in the experiment, e.g., 
any error in the s^'nchronism of the clock pointer. 

The altitude of the flight-path point is also determined 
from 'Doth measuring places and systf:.matic discrepe^ncies in these 
two determinations x^ould liie\7ise shor? errors in measuring. 
Such errors r/ere manifested in the first measurem.ent s with the 
"Roemryke Berge" and Westpreuesen" by a displacement of the 
zero coordinate on the reference tables. It ^vas, however, pos- 
sible to determine the zero ■ coordina t e from, the measurement it- 
self, as will be explained by Mr- Knott. 

In concluding, I vjieli to disclaim any idea that the kineto- 
gra,ph described in Section 2 is a technically perfect instru- 
ment. As already m.entioned, the described form was necessita- 
ted by circui":! stances. A c^at isfactcry kinetographic instrument 
had to be r)roduced in a short time v:ith very* few technical re- 
sources - 

The equipment of the measuring station i7ith a v/ooden stand 
and makeshift reference tables was due to lack -of funds. In 
the evaluation of the first flight measurements it was possible, 
only yrith the greatest pains, to elim.inate errors due to ch^anges 
in the position of the" stand and tables- It is therefore essen- 
tial, for very accurate m:easurements, to create perfectly stable 
m.easuring stations. Moreover, the evaluation of the "Roem^ryke 
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Ber^e" flight sho^/s that the determination of the altitude and 
time are not yet sufficiently accurate for accelerated flights. 
For these measurenents v/e should have an angular accuracy of 
0.0002^ to 0.0001^ and a time accuracy of 0.005" to 0.002". 
Concrete mea-suring- bases and great focal lengths on the table 
side, an accurate contact clock a,nd a constant motor with con- 
sider-able reserve pc^sr are the resources T?Thich' render these 
goals attainable. 

This improvement- in the kinetographic records must be ac- 
companied by accurate records made on the airplane, of the lon- 
gitudinal inclina^tions, dynam.ic pressure a.nd angle of attack. 
The first experiments with "Askania" .dynamic-pressure recorders 
were unsatisfactory. Accurate records can TDrobably be best 
obtained by photographing the instruments. A simultaneous ser- 
ies of photographs tciken on the airplane, of the horizon, clock, 
dynamic-pressure indicate*, angle- of-attack vane, and possibly 
of the control stick, should supplement the kinetographic rec- 
ords made from the ground stations. Only when this is accom- 
plished, can free-flight experiments equal wind-tunnel -experi- 
ments in accuracy. 
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II. "Roemryke Berge" 




3y H. Knott 




S y Til b 0 1 s 




drag cocfficienb of airplane. 




dre.g coefficient of ivlng section or profile, 


Cp 


lift coeificienb of airplhtne. 


7 


density of air vlcg/rn J, 


& 


'acceleration due to grax^ity (m/s^), 


F 


wing; a.rea [n^ ) 


G 


T^reight of airplane (leg). 


V 


measured tangential speed (m/s). 




measured horizontal speed (m/s). 


V 


speed in steady fliglit (m/s). 




horizontal speed in steady flight (m/s). 




anerle of cr'^ ide in stead*'?' fiiecht. 




— fp-ncp p-npf.ipllv *."'p?suTed anple of flie^ht 


t 


time (seconds). 


k 


correction lactor \;o)^ 


a 


constant .( s^/m^ ) , 


b 


constant (m^/ s^ ) . 



The remarkable flights of the "Roemryke Berge, vrith 
Nehring as pilot in the 1935 Rhon soaring-flight contest, cre- 
ated a desire to test the flight characteristics of this glide 
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This Tnas the first opportunity to try the abov^described niethod 
of "Vinetographic flight measurements" developed by Mr. P. 
Raethjen. The intention was to determine the polar curve of 
the glider by an experiment in Mch the glider was to pass 
through all the speeds at a low acceleration. In the evaluation, 
however, it ms found that the flight ms affected by influences' 
which 'niade a direct determination of the polar impossible, so 
that the work sho-s only an estimate of these influences and the 
calculation of an T-curve, which is to be re^^rded as an energjr 
balance of the tested flight. 

The Experiment 

On the morning of August 8, 1926, the velocity of. the wind 
over the "^iasserkuppe" was almost zero (less than 1 m/s). For 
days there had been high^pressure weather. The day seemed suit- 
able for the test flight and toward 9 o'clock a.m, , the Roem- 
rykc Berge started. Nehring, as pilot, .was inst ruct ed ' to push 
the glider slowly from the minimum to the maximum speed and then 
gradually slow down a^in, while maintaining as straight a 
course as possible. The measurements were made from the ground 
with the aid of the measuring kinetograph. The dynamic-pressure • 
recorder used on the glider was a special instrui^ent made by the 
Askania Works. Unfortunately, the clockwork for rapid record- 
ing proved, very unreliable, rendering it impossible to identify 
the time. Nevertheless, the diagram, furnishes a good record of 
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the speeds in the range of the ir.pst favorable angle of glide, 
so that it seemed a.ppropriate to publish it (Fig. 19)- The 
speed range rent only to 20 n/s (65.5 ft. /sec), so that the 
maxim-am speed could not be checked with' the d3mamic-pressure 
recorder. 

Evaluation 

The evaluation '.vas made in the manner a-lready described by 
L^r. P« Raethjen. Fig. 15 shows the ground plan of the flight 
path- The reference tables were dia^^m half their natural size, 
.as reflected in front of the measuring places. The points, 
which were obtained b:^ the two-station method, arc represented 
as full circles. They were determined by the intersection of 
two steel wires, v/hich are to be regarded as measuring wires 
Ml and Mg. The steel ^rires can be wound around pins which fix 
the position of the vertical axes of the kinetographs. 

On account of the iinfavorable location of the first meas- 
uring stand and the lack of experience in following an airplane 
in the finder, the first 19 seconds could not be photographed 
from the m^easuring stand I, so that they had to be calculated 
by the single-station method from measuring stand II, in th.e 
manner described above by Mr. P* Raethjen. The calculated 
-ooints are represented by crosses. The two-station method is 
naturally m.ore accurate than the single- station m.ethod. The 
scattering of the single- station points is due to the impossi- 
bility of accurately measuring the airplane coordinates, since 
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one 7dn5 "^^P hidden by the fuselage- At long distances the 
sin5:le-station method gives only inaccurate results, since the 
d eterrii'netion of the imgnitudes is difficult, due to the snail- 
ness cf the pictures. We therefore stopped calculating by the 
s ingle- St?. t ion method the dista.nces of points on the flight 
loo-th which had already been definitely locoted by the two- 
station ^riethod. Wher- rieacuring points ^^ere lacking on one fili 
the measuring ra3;-s of the other filn ^vere made to intersect 
77ith the f:;rcund plan (represented by the cross lines in the 
flip;ht path), in order to be able to determine the flight dis- 
tance and the altitude for these intersection points. 

/ The ground t>lan (Fig. 16) shows slight oscillations which 
might indicate :r:easuring errors. The slight curves r- re, how- 
ever, real because, according to Nehring, the glider was longi 
tudinall^?" and laterally unstable and vexy difficult to hold to 
a rectilinear flight path- The deviations of the measured 
points from a smooth ground-plan curve do not exceed 2 m (6.56 
ft.) 3t the ^ooint of intersection by the two-station method. 
Nevertheless, the accuracy of the flight-path determination 
must be considerably greater, because the ground-plan path is 
smoothed out at numerous points and especially, because the in 
tersections of the individual measuring lines with the ground- 
plan path are considerably more blunt than the intersections 
of the measuring lines with one another. The ground plan now 
forms the basis for the altitude deter^xination. The altitudes 
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^-ere calculated f^aethlen^s method and plotted in Fig. 2 

arainst the corrected flight path, as ?jas likewise the flight 
time, which was determined from the soot record of the operating 
motor. There were some difficulties at first, in that the eval- 
uations from the measuring base II did not agree with those from 
base I. The error was due to the fact that the reference points 
had changed position m the interval, (about 14 days) between the 
calibration and the exper-^ment. The fact that many reference 
points of the landscvp.e could b-e found on the film itself, led 
to a satisfactory result after recalibrating the reference 
points- The following table contains the results of the ca^lcu- 
lation and evaluation for the "Hoemryke Berge.'^ 

Symbols 

s" flight distance on ground plan.(m), 

hT altitude above measuring base I (m), 

hii altitude above m.easuring base II (m), 

Lih difference in altitude between the mieasuring 
bases = 6.7 m (about 22 ft.), 

t flight duration (sec). 
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Table 
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12.2 
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2 
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32 


395. 5 




11. 6 


27.24 


3 


79. 5 




29.5 


2,00 ! 


33 


410.0 


9.9 


10.0 


28.02 


4 


96. 5 




30.9 


3.00 ' 


34 


437.3 


7.6 


7.8 


29.09 


5 


1 11. 6 




32 . 1 


4.06 


35 


430.8 





6.5 


29.52 


6 


124. 5 




33. 5 


5-13 


36 
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7 
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8.13 


37 
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1.0 


31.22 


P 
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7.22 
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- 2.5 


32.32 


q 


1 58 . 5 
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8.24 


39 


492. 5 





- 3.7 


32. 58 


10 


139. 5 




34.7 


9.28 


40 


508 . 5 


- 6.1 


- 5.9 


33.38 
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34. ^; 


10 . 27 


41 


■511 . 3 




- 6.2 


33.46 


12 


193-5 




33.7 


11.42 


■:V2 


534 . 3 


- 9.8 


- 9.1 


34.40 


13 


204. 5 




33-4 


12. 51 


43 


537.0 




-10.2 


34.67 


14 


216. 5 




32.7 


i 13. 56 


44 


554.0 





-13.2 


35.46 


15 


228.0 




31.1 


i 14.59 ■ 


45 


559 .0 




-13.0 


35.72 


16 


240.3 




30.2 


i 15.66 


46 


580.5 


-15.9 




36. 53 


17 


252.5 




28.5 


! 15.78 


47 


535.3 




-17.8 


36.78 


18 






27.2 


i 17.78 


48 


508.0 


-20.8 


-20. 2' 


37.52 


19 


276.5 




25.1 


i 13.85 


49 


612.3 


— 


-21.0 


37.87 


20 


285.5 


25.1 


35.0 


i 19.63- 


50 


i 531.8 


-23.6 


-22.9 


38.52 


21 


289 . 3 


- 


24.5 


1 19.90 


51 


662.3 


-24.8 


-25.3 


39.68 


22 


300.0 


1 22.9 


23.0 


1 20.70 


52 


1 585.0 


•-25.5 


-25.2 


40.76 


23 


302.4 




22.2 


! 21.00 


53. 


[ 710.5 


-25.3 


-26.3 


41.78 


24 


313.0 


20.6 


20.7 


j 21.76 


54 


736.3 


-25.9 


-23.8 ' 


42.89 


25 


315.8 




20.4 


i 22 06 


55 


750.8 


-24.5 


-24-9 


44.02 


26 


326.5 


18.7 


19.0 


i 22 82 


56 


730.3 


-21.4 


-21.5 


45.08 


27 


342.0 


i 16.7 


17.1 


23.85 


57 


! 803.3 


-18.2 


-18.7 


46.09 


28 


358.8 


1 15.5 


15.4 


24.88 


58 


! 827.8 


-15.5 


-16.1 


47.21 


29 


375.3 


13.7 


14,2 


25.95 


59 


i 845.3 

i 


1 


-16.1 


48*34 


30 


381.0 




13.6 


26.02 






\ 







Hopf's equations for accelerated flight were used for the 
further evaluation (Fuchs a.nd Hopf, "Aerodynamik, " 1922, p. 346). 
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On dividing equation (s) by equation (l), we obtain 



G = 



As the first aiD-Droxiriio.t ion 



e = 



- tancp - 



dv 



cos cp di 
In our coinputation we put 



dcp 



g cos cp dt 



(3) 



- tan cp 
dt 



= c 

- (1 



.3) dC 



dt 



cos ^> 



= 1 + 4-^ 



(4) 



(5) 



We . then obtain 



^ - g \ . 2 / d c ! i g V 2 / 



dt 



(3a) 



Equation (3a) is approximately written 



(3b) 



whereby the correction factor 



vh de 
g dt 



(6) 



is introduced. Then 
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in wliich vj, is the measured horizontal speed. 



(iv 1 d ^ ^ tancp d? 

dt ^ cos dt cos cp dt * 

If we introduce the values from equations (4)- (6), we have 
ar/proxiraately 

■ 1 dT ^ 1 tllL _ £ X ^ (7) ■ 

g dc g dt ' ■ . 

X being a small correction factor to be added in per cent in 
the vertical flight-path curves. In Fig. 18, X was plotted 
against the time and ^s taken into account when it was equal to 
or greater than sfo. 

1 6v 

Equation (3b) presents the task of plotting € and - ^ 
•against the tim.e, in order to be able to deduce T (l - X) from 
the difference between the two curves. 7 belongs- -to a ^tt^ 
which can be calculated from equations (3a) and (s). 

■v vh r. , ^ "^h d^ 

p _L_ F — - — = G coscp + — — - -rz ^^a; 
' °a 2o- cos q> ^ ^ g cos cp dt 

o 



For unacceleratcd flight, we have . 

ca — F ■ ^-'^ - = G coscp (s) 
2g cosCp 

If we introduce the values from equations (4), (s), and (?), 
we obtain approximately 



2 

= 1 _ -x 



V 



h 

hence, _ ^ ^^ (q) 
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The sveluation ^'S.s na.de by dra^^ing polygon outlines througli 
the altitude and time joints, whose sections, according to the 
conditions of the altitude a.nd time curves, extended over about 
1 second each. The r)olygons. yield, between the corner points, 
consto.nt gliding- angle valiics e and speed values vj^- These • 
values ^-ere. plotted as step curves against the time in seconds 
(Fig. 18). In the determination of these step curves, care was 
taken that, for longer timj-j intervals, they actually corresponded 
to the measured loss in altitude, i.e., that the integrals for 
longer intervals were rela,tively more accurate than the separate 
values for the separa^te polygon sides. This ^me done so that 
the relatively large errors in the speed and angle of glide dur- 
ing 1 second should not enter into the result for longer flight 
periods and distances. The polygons and the altitude diagram 
of the flight path show that Nehring flew part of the time (con- 
trary to his instructions) with a very rapidly changing angle of 
attack, which he explained as due to the longitudinal instabili- 
ty of the glider. These fluctuations therefore require a smooth- 
ing out of the step curves, since it is obvious tha-t the step- 
curves themselves cannot be integrated. 

Moreover, the altitude determ.inat ion vrhich, especially on 
the latter part of the flight-path curve, can be made exactly 
only to within 30 cm (ll.8 in.), requires the mean value for 
about 5 seconds, since for shorter periods the errors in measur- 
ing the altitude are no longer small in comparison with the loss 
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•in altitude of the glider. These niean vcilues \7ere obtained from 
second to second over each 5- second period. The smoothed-out 
curves of Fig. 18 are therefore the curves for these mean values. 
The nean speed values ^vere obtained for the quantity v^^ itself^ 
so that the flight distance integral 

/ Vj, d t 

is maintained- The mean values of the spatial gliding- angle 
were obtained over the quantity so that the sinking- 

altitude integral 

/ Vj^ G d t 

is iTiaintained. 

The dynamic-r) res sure disgram was then plotted for the deter- 
mination of the V]^ curve (Fig, 19) . As already mentioned, no 
time identification uas possible.. The fluctuations in the basis 
are not ascribable to gusts, but to the fa^ct that the pressure 
recorder continued to run during transporta^tion and therefore 
shows the effect of shaking- Nevertheless, the base line, which 
was recorded before the start, can be easily recognized. In the 
pressure diagram^, the bend, which lies betrreen the 20th and the 
30th second in the* speed curve in Fig. 3, is very manifest. 
Also the minimum pressure agrees, :7ithin the accuracy of the 
Toressure recorder, with the -minim-um measured flight speed, ac- 
cording to the calibration by the Askania Works. The high speeds 
obtained by the flight-path measurements in the first 3 seconds ' 
after the start, contradict the pressure diagram- Apparently 
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they are not real since, in this field, the single- station 
method is subject to large errors. A shifting of the ground- 
plan path, within the accuracy of the single-station method 
(dotted curve, Fig. 16) would eliminate these differences be-- 

tween the measured speeds and the dynamic pressure. The mean 
d vi^ 

values of ■ for 5 seconds v/ere again determined mathematic- 
ally from the v^ ciirve- From these values a curve v/as drawn 
according to' equation (?) for the value ^ 

According to equation (3b), the difference between c 

and ^ when increased by Xyo. e:ives the aerodynamic 

g dt^ 

angle of glide, which corresponds, in unaocelerat ed flight, 
approximately to the same speed according to equation (9). 
Equations. (3a) and (9) therefore enable the determination of an 
angle-of-glide diagram for unaocelerat ed flight from the 
curves v^_, c and *^ The result of this determination 

is introduced with the plain curve into the c/vh diagram in 
Fig. -20. We may conclude from the great fluctuations of this 
curve that the m.easurement admits of no possibility of the di- 
rect determination of T- Guar present task is to inquire into 
the causes of these fluctuations in the e* curve. For compari-^ 
son I have introduced into the e" diagram (Fig. 20) the long- 
dash curve calculated according to the wind-tunnel measurements 
(Gottingen profile 426) for 1000 m (328.0 ft.) altitude and 
placed at my disposa.l by Mr. Koch of Darm.stadt. With the aid 

of this T curve, a curve 4?- was determined according to 

^ g dt 
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equation (3b) and likewise long-dashed' in Fig. 18^ which satis-- 
fies the measured values c and the theoretical c diagram (Fig. 
20). Furthermore, the values v^ were integrated from the 
15th to the 38th second over this curve dv/dt and a correspond- 
ing long-dash curve vj^ was likewise plotted in Fig* 18. The 
deviations of this curve -v^^ from the actually measured "speeds 
(step curve) are obriously greater than the errors in measuring. 
The deviations of the measured ^ values (plain curve)- from, 

the theoretical values are so great up to the 10th second that 
one is inclined to suspect very great disturbances in the ex- 
periment. It has not been possible, however, to discover any 
such sources of error; except from the start up to the 5th sec- 
ond, a region in which, as already remarked, errors may occur 
by the single- station method- We are somewhat inclined, how- 
ever, to ascribe even- these deviations to errors in the single- 
station method. 

The experimental results can, in general, be vitiated by 
various causes in the following orders of magnitude* The time 
may be regarded as accurate to within 0.02 second; the speed, 
therefore, by determining the mean value for 5 seconds, up to 
4^0 time error. 

The determination of the flight-path point on the ground 
plan miay be reg3-rded as accurate to within 1 m (3.28 ft.), mak- 
ing, on an average, 75 m (246 ft.) in 5 seconds, an error of 1 ■ 
to 1.5fo. The altitude determination will have an accuracy of 
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20 cm (7.87 in.) at short distances and of 30 cm (11.8 in.) at 
long distances. This might cause errors of about 4fc^ in the e 
values for aerodynamic sinking speeds of 5 m (l6.4 ft.) in 5 
seconds at short distances and for 8 m (26.25 ft.) in 5 seconds 
at lone: distances. 1'hese errors must he regarded^ hov/ever^ as 
maxima. They do not suffice, even 'viien ail added together, to 
explain the deviations. 

The atmospheric distuibanccs are more difficult to esti- 
mate. At low speeds/ even slight ho.t. izonoal gusts crn greatly 
affect the € values. This is impossible, however, at high 
speeds. The surmise v.rould rather be just:.fied that the flight 
had been affected by ascending and descending air currents. - 
These currents must have changed rapidly, however. Their order 
of mavgnitude would be about as follOT^s: 

At the 10th second, 60 cm (23.6 in.)/sec. up; 

30 cm (ll.8 in.) /sec. down; 

0 cm/sec; 
70 cm (27.6 in. )/sec. down; . 
45 cm ( 17. 7 in.) /sec. up. 

An up-wind m.ight be caused by thermal currents, although at 
9 o'clock in the morning they would hardly be- expected to be 
so strong. On the other hand, down-winds of 30 and 70 cm/sec. 
have never been observed in the lee of the Wasserkuppe with a 
5.m (16.4 f t. )-per-second wind. The flight might well be sub- 
jected to an atm.ospheric flow up to the 15th second, but a down- 



" 20th 

" " 25th 

" " 30th 

" " 36th 
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yrindi of 70 cm/ sec- at the 30th second seems impossible. 

The conclusion cannot be escaped that these deviations are 
due at least in part to the fact that the air-force coefficients 
a.re dependent not only on the a.ngle of attack hut also on the 
state of accelera.tion. This conclusion is su-oported by the 
circumstance that the theoretical and measured T values coin- 
cide in the field of the most favorable gliding angle, because 
it is in this field that they are least affected by the speed. 
The second acceleration d^v/dt^ seoms to be especially effect- 
ive. Hence this is also plotted in Fig. 18, though of course 
there may be considerable errors in this third differentiation. 

The deviations before the 15th second are hard to explain. 
In each ca.se I have tried to determine a mean curve e" in the 
diagram '^/vj^ (short-dash curve in Fig. 20) . This curve has 
at least the value of an energy balance for the accelerated 
flight under consideration, in so far as the corresponding val- 
ues. Vj^"^ furnish a mean horizontal force. It is also of inter- 
est to see how far an T diagram can be evaluated from the ex- 
periment under consideration. 

The following evaluation can be made for the determination 
of the "€ values. 

^Wi' + constant c^^ 
S£=£=av'+Ar (11) 
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in which a is a constant of the dimension s^/m^ and b is 
a constant of the dimension m^/s^. 

Accordinj^ to the method of the least squares, the values of 
a and b can be calculated, which deteninine, for the measured 
J values, the letist error-squares of v (equation ll). 
The "error equations," according to which the constants a and 
b were determined, therefore read 

a v^^^ + - Vn (l2) 

The method of the least squares therefore furnishes, as 
"normal equations" for the determination of the constants a 
and b, the two equations. 

[v^ ^} a + V ll b - [ v^ J vl = 0 (13a) 

jV^lla + ri l]b^ lrvl=0 (13b) 
L vj Lv vj ^v J 

In the field between the 10th and 40th seconds the constants 
were 

a = 0.000104 s^/m^, 
b = 8.26m'Vs^- 

dash- 

The curve according to equation (ll) is plotted as a shorts- 
line in Fig. 20. The result is not at all satisfactory as a 
flight-characteristic determination for unaccelerated flight 
conditions, but the investigation nevertheless shows what possi- 
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bilities kinetographic flight measurements offer and at the same 
time indicates the field for which this method of measuring was 
developed, namely, the investigation of aocelerated. flight con- 
ditions- In the evaluation it was found that records can be 
made oh the airplane itself, along with an exact ground measure- 
ment, which is only possible when the measuring bases, by being 
concreted, render impossible any change in the reference sta- 
tions. Along with an excict measurement of the dynamic pressure 
an angle-of-attack recorder is very important, as likewise the 
recording of the rudder and elevator deflections- In this way 
it will probably be possible to learn more about the problem of 
accelerated flight. 
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Kinetographic Flight Measurements* 
By P. Raethjen 

In the Research Institute of the Rhon-Rossitt en Associa- 
tion on the WasserkLippe, the investigation od accelerated air- 
plane motions is receiving special attention.** These investi- 
gations must consist principally of the mechanical analysis of 
airplane motions in free flight, because the unsteady air flow 
conditions are very difficult to obtain in a wind tunnel. 

For the mechanical 'analysis of an airplane motion, the 
motion of the airplane in space and the motion of the air about 
the airplane must both be known* This constitutes a double 
task. The flow of the air ags.inst the airplane must be record- 
ed by instruments carried on the airplane itself. In general, 
a dynamic-pressure recorder and an angle- of-attack recorder 
suffice for the longitudinal motions; and two each of these 
instruments in curving flight. Moreover, the motion of the 
airplane must be measured as the "motion of a rigid body" with 
respect to both space and time. This measurement can even be 
made photogrammettlcally on the airplane itself from the air- 
plane itself. In this case the continuous photography of the 

landscape, cha.racterized by measured points, would suffice. 

* " KinematoCTaphische Flugvermessung. " From "Zeitschrift fur 
Flugtechnik Wd Motorluftschiffahrt, " Dec 28, 1926, pp. 547-549. 
**P. Raethjen, "Beschleunigte Flugzeugbewegungen, " from "Z.F.M." 
Dec 38, 1926, -p-o. 537-547. 
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This is a very elegant method^ but necessitates the carrying 
of heavy apparatus and a complicated evaluation. 

Another possibility is the two-station method .from the 
ground. In order to obtain accurate results, this method must 
be carried out photogra.m:iiet rically. The two-station method is 
a simple trigonometrical method. By measuring the spatial 
angle (azimuth and altitude angle) from two base points M 
and M , the position of the airpla.ne in space is found as the 
intersection point of two lines (Fig. 13). For the measurement 
of accelerated airplane motions, I have developed the two- 
station method as a kinetographic-photogrammetric method. This 
method consists essentially in taking continuous motion pic- 
tures, at both base points, of the airplane and of ' a reference 
table ■ R divided into squares and located behind the camera 
(Fig. 13). Thereby the camera is continuously directed (like 
a theodolite) toward the airplane- The camera is mounted so 
it can be rotated horizontally and vertically .by means of 
cranks. Thus, with the ai<fi of a telescopic finder it can be 
kept continuously directed toward the airplane. V/ith a suffi- 
cient focal length of the object lens, large enough images of 
the airplane can be obtained, even at distances of 1000-2000 m 
(3280-6560 ft.), to determine the position of the three air- 
plane axes. Behind the camera, there is a vertical reference 
table divided into squares, which is photographed simultaneous- 
ly with the airplane. This is made possible by the apparatus 
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shown diagrammat ically in Figs. 7 and 21, in which there are 
two object lenses Or and 0^, with their optical axes parallel, 
which throw images on a gystem of mirrors K J and the same 
film F. The two optical axes are indicated on the film F by- 
cross v/ires. If the camera is rotated, the image of the refer- 
ence table R continuously shows the direction in space assumed 
by the optical axes. Any deviation of the position of the air- 
plane from this optical axis can be determined from the picture 
of the airplane. The accuracy of this method might theoretically 
be still further increased, since it increases with increasing ' 
focal length of .the lens and with increasing distance of the 
reference table R. ?vith this apparatus, angles can be measured 
to within 0.0005 of a degree, i.e., at a distance of 1000 m 
(3280 ft.), the position of the airplane can be determined to 
within 0,5 m (l.64 ft.). 

The chief -difficulty lies in the time identification of the 
photographs for the two measuring stations. I have adopted the 
method of photographing at both stations a synchronously manning 
clock pointer (Fig. 21, clock pointer Z). The image of this 
pointer, x^yhich makes one revolution per second, is projected on 
the back side of the film. Fig. 3. is a section of a film show- 
ing the three image fields, one above the other 2 the square 
field of the airplane, the field of the reference table with the 
numbers, and the U-shaped field of the clock scale with the 
seconds pointer in the corner. It is a double pointer, which 
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completes a period every lialf- revolution. Hence. the scale is 
an open instead of a closed circle like ordinary clock 

dials. On the film is seen only one or both tips of the poiater^ 
which appear as shadows on the U-shaped .scale. The central por- 
tion of the pointer is concealed under the dial. This arrange- 
ment v;as adopted to save space. 

The pointer is actu3.ted at "both measuring stations by elec- 
trically synchronized motors, which are in turn operated from a 
central station (Fig. 13). The central motor M, therefore 
runs synchronously with the motors Mi and Ms, with which it 
is connected by three wires. In order to record the revolution 
speed of these motors, a recording drum at the. central station 
is driven by the motor M. On this drum,- time marks are regis- 
tered by clockwork at regular intervals of 0.3 and 3.0 seconds. 
A telephone line betv;een the two stations enables their harmon- 
ious cooperation. 

In this way, the airplane is continuously photographed from 
both stations. The individual exposures are not simultaneous, 
however, but the evaluation is enabled by the time pointer* 
On one film the spatial angles are taken directly and on the 
other the angles are- interpolated to correspond. This is en^ 
tirely possible, due to the frequency of the exposures (l6-20 
per second). The time can be determined to within 0.02 second. 

As already mentioned, one can determine, from the photo- 
graphs, aside from the flight path of the airplane (the path of 
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the center of gravity of the solid hody)^ the rotation of the 
airplane axes ahout the center of gravity^ especially the longi- 
tudinal inclination. The latter can be determined best by pho- 
tographing the airplane from one side. The base points on the 
Wasserkuppe were therefore selected to one side of the starting 
place. At long distances the determination of the position of 
the airplane axes is naturally inaccurate. " If, at a distance 
of 500 m (1640 ft.) the mr;asur^';ment is accurate only to within 
0.25 m (0,82 ft.) (which is accurate enough, however, for the 
determination of the path of the center of gravity), this en- 
ables, for a fuselage 5 m (l6.4 ft.) long, at best (with later- 
al photographs), a determination of the longitudinal altitude 
with a.n accuracy of about 3 degrees. Errors of 3 degrees are 
disagreeable, although the longitudinal inclination must be 
measured only for the determination of the up-wind- Neverthe- 
less, even this error can be considerably reduced by averaging 
for the numerous individual pictures. ■ 

In any event, it is desirable to determine the altitude 
of the airplane by a third kinetographic photograph from the 
airplane, even if only with the American "Kymograph" by photo- 
graphing the sun; better still, by photographing the horizon 
by means of a rigidly mounted kinetograph. 

Briefly stated, the problem is to obtain trustworthy data 
which will. enable a complete and reliable analysis of the com- 
bined-effect of the forces of inertia and of the air. These 
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data can be obtained, as follows: 

1. Through the determination, v/itli reference to both 
space and time, of the path followed by the glider (or airplane), 
by means of the kinetographic two-station method. 

2. By the space and time measurement of the motion of the 
three airplane axes. This can be made from the kinetographic 
two- station method, but can be obtained more accurately by ki- 
netographic photogra^phy of- the horizon from the airplane. 

3. By recording the d^naamic pressure and angle of attack 
at one point (fuselage) or at two points (wing tips). This 
record indicates the air- movements (gusts or up-wind) which 
might affect the picture of the airplane. 

4. By recording the rudder and elevator deflections. 
This is necessary only on piloted airplanes- On models these 
deflections xTOuld be made in the desired direction by means 
of clockwork. 

An essential condition is the time identification of all 
the measurements on the airplane and on. the ground. This can 
be accomplished by simultaneous photography and registration 
of time marks. The take-off 3-.nd landing supply/ two time marks 
which assist in the time identification. 

I will add just a few remarks regarding the kinetographic 
photography. It can be exceedingly complicated and difficult 
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if undertaken in an unpractical manner- It is important to em- 
ploy graphical methods and above all to adapt the evaluation to 
the theoretical problans under investigation. It v^rill seldom 
"be necessary to evaluate every individual picture, as a rough 
evaluation of the whole flight will suffice. It is necessary 
to evaluate exactly only the portions of the flight which are 
essentia,l for the actual problems of accelerated flight condi- 
tions.. On these portions, hov^ever, neither care, time nor 
labor must be spared, in order to obtain accurate results. 
Here applies the fundamental principle of all experimental sci- 
ences, that one accurate experimenter and one carefully evalu- 
ated experiment is worth more than a hundred inaccurate ones. 

'Translation by Dwight H« Miner, 
National Advisory Committee 
for Aeronautics. 
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Figs. 1,2, 3,4, 5 






K, Directing crank; S, Mirror; 
V, Telescopic finaer. 
Fig.l Kinetograph and ref- 
erence tables* 
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0^ Og, Lenses; D, Shutter. 
Fig. 4 Caaera, 
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Fig. 3 Reference table. 





„ - ^4 n o L, Electric connections; M, 

Bi Airplane field; Bg Re- Synchronizing motor; U,Syn- 

f erence-table field; B^ Clock Qhronizing clock; D, Shutter for 

field. ?i F3 Reticles. photcgraphing clock. 

Fig. 3 Section of film. Fig. 5 Film-driving mechanism. 



N.AcC.A. Technioal ilemoranium No. 409 

r 



Flge.6,10,11,12, 18 




R,Tube holding lens 
Fig. 6 Fllm-slrlving mechanism, 
open • 





Fig. 11 Central clock. 
U 




M, Motor; S, Stylus; R,Dnim; U, Clock. 
Fig. 12 Inside of central clock. 



M, Synchronizing motor; Z, double 
pointer; S, Seconds disk; P, Point 
where seconds disk is photographed. 
Fig c 10 Synchronizing clock. 






Fig. 19 
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Figs. 7, 9 




Ai Pi 




0-L, 03,03, L^nsos 

P]_,P2, Roflocting prisms 
Bi, Airplano fiold 
Bg, Table field 



A]^,A3, Opticr?..! axes 

Ax,A2, Rofloctod optica,! a^xDs 
S, Fv?..rtition 
Z, Clock dial 



Fig. 7 Coursas of rays in kinetcgraph. 




F^, Axis of reticle in air plane field 
Fg; Axis of reticle in reference table 
y), Angle of reticle a.xis to horizon 
Ay? J Angle between reticle axes F]_, and Fg 
a, Distance of kinetograpii pivot from te.ble 
h, Coordinate a.ltitude on ta,ble, calculated 
from zero point- 
Fig. 9 Dia.gram of reticle axes. 



N;A.C.A. Technical iCemorandum IIo.409 ' Fig. 8 




K, Oscillation circle 

r, Radius of oscillation circlo 

Z, Centor of oscillation 

f, Oscillation anglo of optical axis with 
roforencG to horizon 

h, Coordinato altitude on roferenco ta,ble, 
calculated from zoro point H 

a, Distance between oscillation center Z 
and roforence table 

Fig. 8 Vortical-turning diagram of kinetograph. 
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Figs. 13, 14 




M, Central motor 

M^^jMg, Motors 

R, Reference table 




3 



a, Distances of first a.nd last wires of ^aoli table 

from kinatograpl:! 

b, Distance between aa^cn paar of ydres 

c, Dista/nce between outer wires of adjacent tables 
A, Ground -plan coordina^tes of central la.ndmark 

3, Pivot of kinetograph 

Fig,14 Flan of a measuring; base. 
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Figs. 15, 16 



H 



K, Direction of central landmark or flight-path point 

Hj Corresponding altitudo coordinates 

h Altitudo of point H -abovo measuring- base 

h\ Coordin?,tc altitude alDovo zoro lino N 

ij', Coordinato altitudes of all tiio points N in the 

altitude of the measuring base 

a, Distance of point K from kinetograpli K 

a' Distance of point H' from pivot of kinetograph 

Fig. 15 Diagram of altitude determination. ■ 





Fig. 16 
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Fig. 17 
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Fig. 18 
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Fig. 20 




OrjOj^j Obiect lenses 
H,J, Prisms 
F, Film 

R, Reference table 
Z, Clock pointer 



Fig. 21 



